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The microstructure and texture of thin MO films sputtered onto the native oxide of Si(100) wafers 
were investigated with both conventional reflection x-ray pole figures, and transmission electron 
microscopy and diffraction. Films were grown at two deposition rates (powers), 34 nm/min (1.5 
kW) and 67 mn/min (3.9 kW), onto both moving and stationary substrates, under otherwise identical 
experimental conditions. The microstructure of the MO films evolved into a zone 2 microstructure 
within the first 2 pm of growth. The development of both out-of-plane and in-plane textures was 
found to be influenced by deposition rate and geometry. Films grown at the lower deposition rate 
exhibited predominantly (110) textures, while films grown at the higher rate exhibited 
predominantly (110) textures up to a film thickness of -0.5 ,um and (111) textures above a film 
thickness of -1 ,YAIL Films with the (110) textures developed grains with elongated footprints and 
faceted surfaces, while films with the (111) textures developed grains with elongated triangular 
footprints and faceted surfaces. In all of the films deposited onto moving substrates, an alignment of 
the grains normal to the tangent plane (defined by the substrate normal and the direction of platen 
rotation) was observed. In all of the films deposited onto stationary substrates, the development of 
an in-plane texture was suppressed. These results suggest that a combination of geometric, 
energetic, and kinetic mechanisms are contributing to the evolution of the microstructure and texture 
in the MO films. 
- 
I. INTRODUCTION 
Thin metal films play an important role in many techno- 
logical applications such as ultralarge scale integrated elec- 
tronic circuits,’ protective coatings,2 and magnetic recording 
media and devices.3-6 All of these technologies depend criti- 
cally on the development of specific properties in the films 
for optimal performance. Since the relevant physical proper- 
ties of a film are often determined by its microstructure, a 
great deal of effort has been devoted to studying the growth 
of thin metal films. Many studies have described the micro- 
structure of lilms grown by physical vapor deposition at 
lower temperatures as being polycrystalline and columnar in 
nature. In addition, the development of these microstructures 
has been modeled in terms of atomistic mechanisms which 
operate during deposition. Typically, these models use a zone 
scheme which classifies polycrystalline thin film microstruc- 
tures into four categories (zones) based on particular micro- 
structural features.7-10 Both experimental and theoretical 
studies have also addressed the influence of many deposition 
parameters (incidence angle of the flu~,~~‘r flux energy,12P’3 
substrate temperature,78 type of sputtering gas,13 sputtering 
gas pressure,s*lz13 and the presence of impuritiesr4) on the 
development of the thin film microstructures and thin film 
properties. 
The final properties of a thin film are also strongly de- 
pendent on the texture, or net crystallographic orientation of 
grains within a fi1m?.‘5-17 Because of the anisotropic nature 
of most materials, thin film properties and performance will 
be dramatically affected by changing the crystallographic 
orientation of the grains within a film both in the direction of 
growth (out-of-plane texture) and in the plane of growth (in- 
plane texture). For example, the type and degree of texture in 
thin films has been found to significantly affect the mean 
time to failure of Al metallizations,‘5~16 as well as the mag- 
netic anisotropy in many magnetic thin film systems3-’ The 
development of preferred crystallographic orientations in 
thin films grown onto single crystal substrates has been stud- 
ied in great detail and has been found to depend on several 
factors including differences in the structure and the free 
energies between the flm and the substrate$‘21 surface 
roughness,” and lattice reconstructions. However, in many 
technologically important applications thin films are depos- 
ited onto amorphous substrates where substrate/film interac- 
tions are less dominant. In such cases, the resulting films 
tend to be polycrystalline with varying degrees of out-of- 
plane and in-plane texture. Currently, the development of 
texture in these polycrystalline films is not well understood 
and appears to be a complex process which depends on the 
interplay of many kinetic and energetic factors.“-31 Due to 
this limited understanding, the investigation of the evolution 
of texture in polycrystalline thin metal films, deposited onto 
amorphous substrates, warrants more attention. 
One technologically important class of materials which 
merits further investigation is refractory metals. Because of 
their many favorable materials properties, refractory metals 
such as MO are being used in a large number of thin film 
applications.232’33 For example, high strength and melting 
temperature make MO an ideal candidate for use in high tem- 
perature strengthened multilayer films.’ In addition, high op- 
tical absorbency allows MO to be used as a component in the 
fabrication of soft x-ray mirrors for use in applications such 
as extreme ultraviolet lithography.32 This study focuses on 
identifying the development of both out-of-plane and in- 
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FIG. 1. [a) Geometry of the sputtering system. (b) Definition of the tangent 
plane: the relationship between the direction of rotation, the substrate nor- 
mal and the direction of grain elongation. 
plane texture in and the microstructure of thin MO films sput- 
ter deposited onto the native oxide of Si(100) wafers. 
II. EXPERIMENT 
MO films of various thicknesses were grown in a cryo- 
pumped sputter deposition system with a base pressure of 
50X10-” Torr and a sputter-up geometry [see Figs. l(a), 
l(b)]. As-received Si(100) wafers were used as substrates 
and were mounted on a rotatable platen, 4.9 in. above the 
sputtering target. Prior to deposition, the MO target was pre- 
sputtered for 3 min in order to remove surface oxides and 
reduce impuriq incorporation into the film; Films were then 
sputter deposited onto the native oxide of the Si wafers from 
6 in.- dc planar magnetron sources at two deposition rates 
(powers), 34 nm/min (1.5 kW) and 67 nm/min (3.9 kW), 
using argon at a constant pressure of 10 mTorr. During depo- 
sition the platen was either spun at 20 rpm (dynamic depo- 
sition geometry), or held in a fixed position with the sub- 
strate directly above the sputtering target (static deposition 
geometry). Substrates were not intentionally heated, and 
their temperatures did not exceed -300 “C (- O.l9T,J dur- 
ing deposition. 
Thin film texture was measured from reflection x-ray 
pole figures collected using a Rigaku Rotaflex x-ray system 
equipped with a 12 kW rotating anode x-ray source (Cu Ka 
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FIG. 2 Schultz geometry for reflection x-ray pole figures. 
radiation) and a Rigaku texture diffractometer configured in 
the Schultz geometry (see Fig. 2).34 Pole figures for (llO), 
(200), and (211) poles were collected for all of the MO thin 
flms, as well as for a random polycrystalline MO standard. 
The MO standard, prepared by powder pressing and sinter- 
ing, had an average grain size >lO ,um and was thick 
enough to absorb =lOO% of the incident x rays. 
In order to simplify the interpretation of the pole figures, 
the diffraction intensities in the pole figures for the MO thin 
films were normalized to the diffraction intensities in the 
pole figures for the MO standard. The normalization proce- 
dure for a MO (110) pole figure is summarized in Eq. (1) and 
below 
I,,,( a,/3> = normalized diffraction intensity in the 
(110) pole figure, 
Zo( a,p) =diffraction intensity for the MO film 
in the (110) pole figure, 
I,& a,/?) = background diffraction intensity 
for the MO film, 
Zstd( a,P) = diffraction intensity for the MO standard 
in the (110) pole figure, 
A(P,t))=[l-exp(-2pT/sin 8 Sin p)]/ 
[l-exp(-2~T/sin.8)].~~ 
The x-ray absorption correction terms p and 0 are defined in 
Fig. 2. 
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In addition to the (110) (28=40.5”), (200) (28=58.6”), 
and (211) (28a73.7”) pole figures for the MO films and the 
MO standard, background pole figures were collected at a 
diffraction condition not satisfying any of the Bragg condi- 
tions for MO (28=50.0”). The diffraction intensities in the 
background pole figure were subtracted from the diffraction 
intensities in the MO (110) thin film pole figure in order to 
minimize contributions from air scattering and systematic 
noise. Next, the background subtracted diffraction intensities 
were corrected for changes in x-ray absorption through the 
thickness of the film. The changes in x-ray absorption were a 
result of changes in the angle, p, between the sample normal 
and the scattering vector. Finally, the corrected diffraction 
intensities in the MO thin film (ll.0) pole figure were divided 
by the diffraction intensities in the MO standard (110) pole 
figure. 
The strength of the texture in each film, as compared to 
the strength of the texture in the randomly oriented MO stan- 
dard, was also quantified. This procedure involved correcting 
the diffraction intensities in the normalized pole figures for 
differences in the diffracting volume between the MO film 
and the MO standard. Values obtained in this manner repre- 
sented a “times random” measure of texture in each film.36 It 
is noted that exact values for the degree of texture in a film 
were difficult to calculate since the diffracting volumes for 
the MO films and the MO standard were not well known. 
Reflection x-ray pole figures were useful in providing 
information about the type and degree of texture in the MO 
films, but were limited in several respects. The interpretation 
of pole figures collected from very thin films (~800 A) 
was difficult because of low count rates resulting from the 
small diffracting volume of the samples, and because of con- 
tributions to the scattering from the substrate. In addition, 
since the reflection x-ray pole figures relied on a symmetric 
@-20 geometry and the incident x rays were highly penetrat- 
ing [I0 drops by a factor of l/e at a thickness of -6 pm in 
MO for Cu Ka radiation), the resulting diffracted signal rep- 
resented an average film texture of the top ~2 pm of the 
film. This averaging effect also made it difficult to identify 
all of the texture components in a film, particularly when a 
specific component represented only a small volume fraction 
of the entire film ((5%). In addition, practical geometric 
considerations in sample manipulation limited the range of 
angles accessible to the reflection pole figures (/3=90”-W) 
and did not allow the collection of diffraction information 
from planes normal to the direction of growth. 
Complementary structural information was obtained 
from both plan view and cross section transmission electron 
diffraction (TED) and microscopy @EM). Plan-view TEM 
samples were prepared by ultrasonic cutting, mechanical 
back-thinning to -125 ,um and chemical etching to perfora- 
tion using a HN03:HF:CH,COOH mixture (3:5:3). Addi- 
tional ion milling (Ar+ ions at 5 keV) was performed when 
necessary to produce electron transparent regions in the 
specimens. Since the sample preparation involved thinning 
from the back side, electron transparent regions were pro- 
duced near the top -500 A of the film without altering the 
surface structure of the film. Cross-section TEM samples 
were prepared by substrate cleavage, mechanical thinning to 
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FIG. 3. (110) pole figures for MO films deposited at 34 nm/min in the 
dynamic deposition geometry. Note: In all of the pole figures the sample 
normal is parallel to the page normal. The maximum “times random” value 
for diffraction intensity in each pole figure is indicated in the upper right- 
hand corner of each figure. Relative intensity refers to the percentage of the 
maximum “times random” diffraction intensity in each pole figure. These 
measurements indicate that -8O%-85% of the grains in each film are ori- 
ented so that their (110) poles lie within the angular spread defined by the 
regions with X50% relative intensity: (a) 200 MI MO film deposited at 34 
nm/min, (b) 500 nm MO film deposited at 34 nm/min, (c) 1 pm MO film 
deposited at 34 nm/min. (d) 2 pm MO film deposited at 34 nm/min. 
-50 w, polishing, and ion milling to perforation (AI+ ions 
at 5 keV). TEM analysis was performed using a Philips 420 
T electron microscope, operating at 120 kV, and a JEOL 
4000 EX electron microscope, operating at 400 kV. 
111. RESULTS 
A. Dynamic deposition geometry 
The development of out-of-plane texture and in-plane 
texture in MO films sputtered onto moving substrates was 
studied as a function of film thickness and deposition rate 
with reflection x-ray pole figures and TEM. X-ray pole figure 
analysis of the films showed no evidence of either out-of- 
plane or in-plane texture in any tims for layers thinner than 
80 nm. A weak (110) out-of-plane texture was seen in the 
(110) pole figures for 80 run films, grown at the lower depo- 
sition rate. At a film thickness of 200 nm, a strong (110) 
out-of-plane texture had developed in the films deposited at 
the lower rate [Fig. 3(a)], and a slightly weaker (110) out-of- 
plane texture had developed for the films deposited at the 
higher rate [Fig. 4(a)]. For these films, no in-plane texture 
was detected, as near-complete axial symmetry of the dif- 
fraction intensity about the substrate normal was observed in 
the pole figures. The intensity of the {llO} out-of-plane tex- 
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FIG. 4. (110) pole figures for MO films deposited at 67 nm/min in the 
dynamic deposition geometry. See note in Fig. 3 caption: (a) 200 nm MO 
film deposited at 67 nm/min, (b) 500 nm MO film deposited at 67 mn/min, 
(c) 1 pm MO film deposited at 67 nm/min, (d) 2 pm MO film deposited at 67 
nrn/min. 
ture, as seen in the pole figures, continued to increase with 
film thickness for films deposited at 34 nm/min. However, 
the intensity of the (110) out-of-plane texture increased at a 
slower rate for films deposited at 67 mn/min. 
The presence of significant in-plane texture was detected 
in the sputtered MO fil~ms at and above a film thickness of 
500 mn [Figs. 3(b), 4(b)]. Both Figs. 3(b) and 4(b) show a 
discontinuous, anisotropic distribution of the diffraction in- 
tensity about the substrate normal and suggest a (110) in- 
plane texture. This anisotropy became more pronounced as 
the film thickness was increased. By a thickness of 1 pm, 
(110) [Fig. 3(c)] and (111) [Fig. 4(c)] in-plane textures could 
be distinguished in the pole figures for all films. The distri- 
bution of poles in the (110) and (111) textured films matched 
the distribution of poles in standard cubic (110) and (111) 
stereographic projections. In addition, the ang!lar spread of 
the diffraction maxima [i.e., full width at half maximum 
(FWHM) of the diffraction peaks] decreased with increasing 
film thickness [Figs. 3(d), 4(d)]. This decreased FWHM im- 
plies a better alignment of the grains in the plane of growth. 
In all of the films with a {llO} in-plane texture, pole figures 
suggested an alignment of a MO (100) direction normal to 
the tangent plane [the plane defined by the substrate normal 
and the direction of platen rotation, as seen in Fig. l(b)]. 
Similarly, films’ with a (111) in-plane texture exhibited an 
alignment of a Md (112) direction normal to the tangent 
plane. 
The results of the x-ray study were corroborated by the 
results of a TEM and TED microstructural analysis of the 
sputtered MO films. This analysis provided additional evi- 
dence for the development of texture via direct imaging of 
the film microstructure and diffraction from the top -500 A 
of the film. It is emphasized that the TEM specimens were 
always etched and ion milled from the back side, leaving the 
top -500 %, of the film for analysis. The microstructure of 
films less than 40 nm thick consisted of polycrystalline, ran- 
domly oriented, fibrous grains with blunted growth fronts 
and a lateral grain size that slowly varied with film thickness. 
As the film thickness was increased above 80 nm, grain re- 
nucleation was suppressed and columnar grains with faceted 
surfaces’began to form. As shown in Fig. 5(a) most of the 
grains in the 200 nm films deposited at 34 nm/min developed 
“elliptical” footprints. Cross section TEM and TED showed 
that these grains also had faceted surfaces and a common 
alignment of (110) planes in the growth direction. On the 
other hand, Fig. 6(a) shows a more equiaxed in-plane grain 
structure for the films deposited at 67 nm/min. FOP these 
films, cross section TEM and TED also showed faceted sur- 
faces and a predominant alignment of the (110) planes in the 
growth direction. Furthermore, this alignment of the MO 
(110) planes in the growth direction became more pro- 
nounced as the film thickness increased (i.e., development of 
out-of-plane texture). Results from both plan view TED and 
TEM did not reveal any geometric or crystallographic align- 
ment of the grains in the plane of growth. 
The formation of an in-plane texture, a crystallographic 
and geometric alignment of grains in the plane of growth, 
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FIG. 5. Plan-view TEM micrographs and TED patterns for MO films depos- 
ited at 34 nm/min in the dynamic deposition geometry. Note: In all of the 
micrographs and diffraction patterns, the sample normal is parallel to the 
page normal. The TED patterns can be indexed in the following manner. 
Moving radially outward from the transmitted beam, the diffracted beams 
correspond to (110), (200), and (211) diffraction features: (a) 200 nm MO 
films deposited at 34 nm/min, (b) 500 nm MO film depbsition at 34 nm/min, 
(c) 1 pm MO film deposited at 34 nm/min, (d) 2 w MO film deposited at 34 
nm/min. 
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was noted in both plan view TED patterns and TEM micro- 
graphs of thicker films [Figs. 5(b)-5(d), 6(b)-6(d)]. Plan 
view TED patterns in Figs. 5(b) and 6(b) for 500~nm-thick 
films exhibited an anisotropic distribution of diffraction 
maxima about the substrate normal and indicated the early 
stages of the development of an m-plane texture. This was 
also suggested in the plan .view TEM micrographs [Figs. 
5(b), 6(b)] where some geometric alignment of the grains in 
the plane of growth was observed. The development of an 
in-plane texture became more apparent as the film thickness 
was increased to 1 w. Micrographs for the 1 pm films 
[Figs. 5(c), 6(c)] clearly show faceted grains, as well as an 
alignment of the grams in the plane of growth. Films depos- 
ited at the lower rate [Fig. 5(c)] developed predominantly 
(110) in-plane textures (a weak component of (111) in-plane 
texture was also present in each film) and grains with elon- 
gated footprints. The (110) textured grains had large aspect 
ratios with their major axes aligned along a MO (100) direc- 
tion. Films grown at the higher deposition rate [Fig. 6(c)] 
developed predominantly {ill} in-plane textures (a weak 
component of {llO} in-plane texture was also present in each 
film), as suggested by the TED patterns, and had grains with 
elongated triangular footprints. These pyramidal grains were 
aligned so that the elongated direction of each grain pointed 
along a MO (112) direction. In all of these films, the grains 
were elongated in a direction normal to the tangent plane. 
With increasing film thickness, the geometric alignment of 
the grains in the films increased, as did the average grain size 
[Fig: 5(d), 6(d)]. I n g eneral, the thicker MO Iilms developed 
microstructures which consisted of a loosely packed net- 
works of columns with substantial intercolumnar void vol- 
. 
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FIG. 6. Plan-view TEM micrographs and TED patterns for MO films depos- 
ited at 67 mn/min in the dynamic deposition geometry. See note in Fig 5 
caption: (a) 200 mn MO film deposited at 67 nm/min, (b) 500 nm MO tilm 
deposited at 67 nm/min, (c) 1 pm MO film deposited at 67 nm/min, (d) 2 pm 
MO tilm deposited at 67 nm/min. 
FIG. 7. Cross section TEM micrograph and TED pattern near the top of a 2 
m  MO film deposited at 34 nm/min. The TEhf micrograph shows the 
columnar microstructure of the film. The TED pattern corresponds to a (200) 
zone axis pattern for a bee material, and was obtained by placing an aperture 
about ==8 of the columns. 
ume, -5% as measured by plan view TEM. Both plan view 
and cross section TED patterns for the 2 ,um MO films (Fig. 
7) suggested that the individual columns were single crystals 
that formed a highly textured film. 
B. Static deposition geometry 
MO films were also sputter deposited onto stationary 
substrates at normal flux incidence, up to a thickness of 2 
pm. All of these films developed strong (110) out-of-plane 
textures as determined by (110) pole figures [see Fig. 8(a)]. 
However, no significant in-plane texture was detected in any 
of these films. These observations were confIrmed by plan 
view TED, while plan-view TEM micrographs showed elon- 
gated grains with faceted surfaces and no distincf in-plane 
alignment [see Fig. 8(b)]. Microdiffraction from individual 
grains showed an alignment of a MO (100) direction with the 
long axes of the elongated grains. TEM and x-ray analyses 
were performed on two or more films of each thickness, 
grown at each set of deposition conditions. The results of 
these analyses were consistent with the results presented 
above. 
IV. DISCUSSION 
Highly textured MO films with both out-of-plane and in- 
plane textures, and a zone 2 microstructure were grown at 
low substrate temperatures (T<300 “C) by sputtering in a 
dynamic deposition geometry. The dynamic deposition ge- 
ometry strongly influenced the development of in-plane tex- 
ture in the MO films. In all the films deposited onto moving 
substrates, a geometric and crystallographic alignment of the 
grains normal to the tangent plane was observed. Conversely, 
no significant in-plane texture was observed in any ftlm de- 
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FIG. 8. (a) (110) pole figure for a 1 pm MO film deposited at 34 nm/min in 
the static deposition geometry. See note in Fig. 3 caption. (b) Plan-view 
transmission electron micrograph and diffraction pattern for a 1 ,um MO film 
deposited at 34 nm/min in the static deposition geometry. See note in Fig. 5 
caption. 
posited in the static deposition geometry (films as thick as 2 
pmj. Based on these observations it is likely that a “self- 
shadowing” mechanism37 is contributing to the development 
of the in-plane texture in the films grown in the dynamic 
deposition geometry. Microstructures similar to those seen in 
our ffilms have been reported in many experimenta14-6’9Z’9 
and computer simulation studies’,” where thin films were 
grown onto moving substrates or onto stationary substrates at 
oblique angles of the incident flux. 
Further evidence demonstrating the effect of self- 
shadowing on the development of in-plane texture was pro- 
vided by an additional experiment. In this experiment the 
role of the crystallographic orientation of the substrate on the 
development of in-plane texture was determined. Wafers 
were positioned on the rotatable platen with their major flats 
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((110) directions) -oriented at various angles to the direction 
of rotation. Films were deposited to a thickness of 1 m. All 
of these films developed strong (110) out-of-plane and in- 
plane textures and an alignment of MO (110) directions nor- 
mal to the tangent plane. In addition, the grains in each film 
had elongated footprints, faceted surfaces and an afigtiment 
of their long axes (MO (100) directions) normal‘to the tan- 
gent plane. These results‘confirm that the dynamic sputtering 
geometry and the self-shadowing mechanism play an impor- 
tant role in the development of in-plane texture in the MO 
films. 
It is emphasized that although the self-shadowing 
mechanism can explain the alignment of the grains normal to 
the tangent plane in the MO films, it cannot explain the align- 
ment of specific crystallographic planes both in the direction 
of growth and in the plane of growth.g We speculate that the 
development of this crystallographic airisotropy is also influ- 
enced by a number of kinetic and energetic factors which 
may include high strain energy that varies through the film 
thickness,“*24’38 strain enhanced diffusion,39 and anisotropic 
grain boundary, surface and interfacial energies.“-29 While a 
discussion of these factors and their influence on the devel- 
opment of in-plane texture is beyond the scope of this study, 
a brief discussion of these factors and their influence on the 
development of out-of-plane texture follows in the para- 
graphs below. It is noted that at least one other study has 
found that anisotropic surface and interfacial free energies 
can lead to the evolution of both out-of-plane and in-plane 
textures.25 
The development of (110) and (111) textures in the spuf- 
tered MO films appears to be a competitive process sensitive 
to deposition rate (power) and film thickness. Films depos- 
ited at 34 mn/min (1.5 kW) grew with predominantly (110) 
textures for the entire range of thicknesses explored in this 
study. Similarly, films deposited at 67 nm/min (3.9 kW) grew 
with predominantly (110) textures up to a film thickness of 
-0.5 pm. However, above a film thickness of -1 pm the 
texture in these films transformed into a (111) texture. Based 
on these data and on arguments considering the effect of 
various energetic factors on grain growth in thin 
films ‘d,24~26,27 we can speculate as to the mechanisms in- 
volvld in the evolution of out-of-plane texture in these MO 
films. 
At small film thicknesses, where the surface to volume 
ratio in the film is high, minimization of surface free energy 
will dominate thin film growth.23V24,26*27 In this study, aniso- 
tropic substrate properties and their effect on thin film 
growth26 can be ignored since the MO films are grown on an 
amorphous layer of Si02 which is assumed to be isotropic. 
For this case, it is reasonable to expect that (110) oriented 
MO grams would have a minimum surface free energy40,41 
(in bee materials (110) planes have the highest planar pack- 
ing density) and should have an energetic advantage for 
grain growth over grains with other crystallographic 
orientations.D’24’27 Hence, at small film thicknesses the MO 
films should develop (110) out-of-plane textures.“3P24227 
At higher film thicknesses, where the surface to volume 
ratio in the film decreases, the total strain energy in the film 
will begin to contribute to the evolution of the 
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microstructure.“‘24 This effect has recently been addressed in 
theoretical studies concerning grain growth and the evolution 
of texture in fee metal films. Results from these studies sug- 
gest that high stresses and differences in the elastic strain 
energy between grains of different crystallographic orienta- 
tions can lead to the formation and propagation of various 
textures in a film.uy24 In our study, the transformation from 
(110) to (111) textures in. films grown at the high rate 
(power) may also be related to high film stresses and differ- 
ences in the-elastic strain energy between (110) and (111) 
oriented grains. Previous studies have shown that MO films 
sputtered at 10 mTorr of Ar are under high tensile 
stresses 121374543 that the stress state in MO films varies with 
film thi&ness387”4 and that MO films with (111) textures have 
a different stress state than MO films with (110) textures.42 
As suggested above, these factors may cause the propagation 
of (111) textures, as well as the continued growth of (110) 
textures in films deposited at the high and low rates (pow- 
ers), respectively. It is noted that differences between the 
stress states in the two sets of films can result from sputtering 
at different deposition powers. Current work is focused on 
addressing and quantifying the exact role of strain and strain 
energy in the development of out-of-plane textures. 
The formation of a zone 2 microstructure accompanied 
the development of in-plane texture in the MO films. At the 
initial stages of growth, the microstructure of the MO films 
consisted of a network of small, randomly oriented grams. 
By a film thickness of 2 ,um, the MO films had developed 
highly oriented columnar microstructures with single crystal 
columns. These columns all had faceted surfaces, character- 
istic grains shapes, and a common geometric and crystallo- 
graphic alignment both in the direction of growth (out-of- 
plane texture) and in the plane of growth (in-plane texture). 
These microstructural features and the development of tex- 
ture in the MO films are characteristic of a zone 2 microstruc- 
ture (dominated by surface diffusion and high grain- 
boundary mobility).*-” The development of a zone 2 
microstructure in the MO films is rather surprising since the 
films in this study were deposited at a low substrate tempera- 
ture, TCO. 19T,. At O.l9T,, a zone 1 microstructure 
(characterized by continued grain renucleation) has been pre- 
dicted due to limited adatom mobility.778p45 However, these 
data and results from a recent study of MO/W microlaminate 
composites grown under similar deposition conditions6 dem- 
onstrate that a zone 2 microstructure can occur in MO at 
temperatures below the “critical temperature” determined 
for the zone 1 to zone 2 transition (T- 0.35T,,,)?5,46 These 
results suggest that factors not previously addressed in the 
zone models are influencing the evolution of the thin film 
microstructures. These factors may be related to intrinsic 
film properties (e.g., varying stress states through the thick- 
ness of the films,?‘8844 impurities) or to extrinsic factors inher- 
ent to the deposition process (e.g., dynamic sputter geom- 
etry), and may also be affecting the development of texture 
in the MO films. 
V. SUMMARY 
The use of TEM and TED complemented the use of 
conventional reflection x-ray pole figures in analyzing the 
texture.of the MO films. TEM and TED allowed direct imag- 
ing of the thin film microstructure and provided additional 
diffraction information about the planes normal to the growth 
direction. In addition, TED provided structural information 
from localized regions (-100 ,om”) near the surface of the 
film (top -500 A), while x-ray pole figures provided struc- 
tural information from larger regions (-2 cm2) through the 
entire thickness of the film. The results from these techniques 
showed that the development of texture in local regions of 
the film corresponded to the development of texture in the 
entire film. In general, the development of out-of-plane tex- 
tures was found to coincide with the formation of specific 
grains shapes and faceted surfaces, while the development of 
in-plane texture was found to coincide with the geometric 
alignment of grains in the plane of growth. Development of 
out-of-plane texture was influenced by the deposition rate. 
Development of the in-plane texture was not affected by 
changing the substrate orientation, but was affected by depo- 
sition geometry. Based on these data, it was proposed that the 
development of in-plane texture was influenced by a number 
of factors including a self-shadowing mechanismg711919737 and 
anisotropic surface, grain boundary, and interfacial free en- 
ergies. Current work is focused on determining the role of 
strain in the development of texture. 
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